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Abstract. In this paper, the symmetry group of a differential system of
n quadratic homogeneous ordinary differential equations of n variables is
studied. For this purpose, we consider the action of both point and contact
transformations to signify the corresponding Lie algebras. We also find
the independent differential invariants of these actions.
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1 Introduction

A quadratic homogeneous differential system (QHDS) is a generalization of second
degree polynomial system of differential equations that is rooted in natural science,
and also in mathematics by virtue of Hilbert’s sixteen problem of his famous list
of problems (see, e.g., [1] and the references therein). They are studied in some
different viewpoints of their applications. For example, in physical sciences, in the
Van der Pol oscillator as an important example of qualitative theory of ordinary
differential equations (ODEs), in mathematical ecology and in particular in Volterra-
Lotka equations, and many other applications in astrophysics and fluid mechanics
[1].

There are many aspects to consider while studying a QHDS. For instance, in
[4], the geometric classification of trajectories of a given two dimensional QHDS was
studied for determining the invariant lines through the origin of the QHDS, and
also its location in the plane of parameters for classification of the geometry of its
trajectories. In [10], the necessary conditions for the existence of polynomial first
integrals and a polynomial symmetry field of an n-dimensional QHDS were given.

In the present work, the symmetry group of a QHDS of a finite dimension is
studied. We specify the symmetry groups of both point and contact transformation
groups (similar works to this paper can be found in [7, 6]).

Assume that we have a differential system £ of n quadratic homogeneous first
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order ODEs of n variables, in which each of them is a function of ¢:

(1.1) E: @ =Fi(z1,- ,an), Fy =Y ajzjwy,
ik

where the coefficients a;vk (1 < 4,5,k < n) are arbitrary real constants. The solu-
tion space of the differential system (1.1) is an immersed submanifold of the first
order jet space J!(R,R") of dimension 2n + 1 and local coordinates (t,x,p) :=
(taxla Ty Tny Pyt apn)a where P = IL’]

According to [8], the action of the contact transformations group is introduced on
the jet space J!(R,R"), and each element of this group is introduced as the following
transformation

(1.2) T=x(tx,p), Xi=vit,x,p), Pj=m;(tx,p),

where 1 < 4,7 < n. An important special case of the contact transformation group
is the point transformation group, where the action reduces to the below change of
coordinates

T =x(tx), X;=1vix,p),

when the variables come from jet space J°(R,R"™).

Remark 1.1 In general, the point and the contact symmetry groups of a geometric
object are not necessarily equal. A jet space J¥(R™,R™) of order k can be imbedded
in other jet spaces J'(R™,R™) of order | > k as a submanifold. Also a contact
transformation of J'(R™,R™) can be restricted to J*(R™ R™) and then acts as a
point transformation.

Since the number of independent variables in our problem is equal to one, then
there are first order contact transformations which do not come from point transfor-
mations (see e.g. [8, Theorem 6.46]).

In the next section, we will see that the point symmetry group of differential
system & is of dimension 1, while its contact symmetry group has infinite dimension.

2 The point symmetry of a QHDS

As indicated above, an important question of a quadratic homogeneous system is

about its symmetry group. There are various methods for signifying symmetry group

of infinitesimal generators via Lie’s method of infinitesimals [2, 3, 5, 7, 8]. In the

present work, we follow the method of [8] to find the point and contact symmetries.
In the jet space J1(R,R™), the system of equations (1.1) can be written as

(2.1) pi:Zaékxjxk, 1<i,5,k<n.
gk

For investigating the symmetry group of the system £, we consider the general form
of point infinitesimal generators as

9] - 0
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in which, T and K;s are smooth functions of variables ¢,x1,--- ,z,. The first order
prolongation of v is as the following expression

n a
2.3 W= K!
(2.3) v v Z " Op;’
i=1
where for 1 < ¢ < n we assumed
K{ = Dy(Q)+pisT
(2.4) = K¢+ Z pj [Kiz; — pi o] — pi Ty,
J

where D; is the total derivative with respect to the variable t and Q* = K; — p; T is
the characteristic of infinitesimal generator v (see [8, Theorem 4.16]).

According to [8], v(!) as a prolongation of v is a symmetry of system & if and only
if it satisfies the relation vV [£] = 0. By effecting v(!) on the equations of the system

we conclude the following system of equations for i =1,--- ,n:
K (3 (ol + ag)ae) + o Ka (3 (0l + af )z
k k
(2.5) —Kit—p1 Kigy —p2Kigy — = Pn Ki,,

+pi(Tt +p1 Ta:l + - +pnTxn) =0.

In the last equation, since we can prescribe ¢, x; and p; arbitrarily and the functions
K; and N; only depend on ¢, z;, the equations (2.5) will be satisfied if and only if the
individual coeflicients of the powers of p; vanish, i.e., we have the following system of
equations

(26) K (Y (ah + g ) + oo Ka (D (al + ag,)a) - Kip =0,
k

k
(27) Ki,xl = 07 Ki,mg = Oa Ty Ki,wifl = 07 Ki,a:,i+1 = Oa T Ki,mn = 07
(28) Ty —Kiy, =0, Ty =0, -, T, =0.

for every 1 <i < n.

From (2.7)—(2.8) we understand that 7" depends only on ¢t and for each i, K; is
a function of ¢ and z;. For a fixed 1 < i < n, by differentiating with respect to x;
of (2.6) and then by replacing T; = K; ,, in this equation, we deduce the following
expression

1Y (el + ag)aw) = T

k

By solving the last equation in terms of ¢, we conclude the following solution
T'(t) = c1 exp (t Z (al), + azi)xk) + ¢,
k

for constants ¢; and cp. Since T is only a function of ¢, ¢; must be zero and therefore

T(t71‘1,-" ,In) =G
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for an arbitrary constant c. Then for each ¢, we see that K;,, = 0 and hence it
only depends to t. But by solving (2.6) with respect to K;(t), we obtain the below
solutions (where i varies between 1 and n)

Kit) = exp (8 Y (ah +ag)an) -

k
(2.9) </ exp ( —t Z (aly + a};i)zk> Fdt+ 03> ,
k

in which we assumed that F'= 3., K;(t) ( o @k + a};j)xk) and cg are arbitrary
constants. From (2.9) and knowing the fact that all of K; s depend only on ¢, we infer
Ki(t,x1, -+ ,2,) =0 for 1 <i<n,

where c is an arbitrary constant. The symmetry group of point infinitesimal generators
is corresponding to the point Lie algebra g = (v := c%) is, in exact, the translation
of t by a constant coefficient of the parameter s of one—parameter subgroup

(t7x17"' ,an)‘—> (CS—F(J},JH,"' ;xn)-

Theorem 2.1 The set of all infinitesimal generators of the point symmetry group
of system (1.1) is a one-dimensional Lie algebra with the basis (£;). Therefore, the
symmetry group of the system (1.1) is a one—dimensional Lie group of time transla-
tions.

Theorem 2.2 The independent first integrals of the characteristic system of the
infinitesimal generator % are the invariants

Il(t71‘17$27"' axn) == 5U1:d1,

(2.10)
In(t7l'1,1'2,"' 7mn) = Zp=d,.
for arbitrary constants d;.

Proof. Relating to [8, Theorem 2.74], the invariants v = I(¢,z1, 22, ,2,) of the
one-parameter groups corresponding to infinitesimal generators in the form (2.2)
satisfy a linear, homogeneous partial differential equation of the first order:

v[I] =0.

The solutions of the last equation are found by the method of characteristics (See [3]
and [8] for details). So we can replace the last equation by the following characteristic
system of ordinary differential equations

dat  d d dx.,
(2.11) “_oh _6n_ | _ %

T K K K,
By solving (2.11) of differential generator v = c%, we (locally) find the following
general solutions

Il(t7x17m27"'7xn):x1:d1, In(taxlax27"'75En):x’n:dn7

for constants d; where i =1,--- ,n. O
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3 The contact symmetry of a QHDS

On the other side, we deal with the infinitesimal generators of contact transformations.
Strictly speaking, the contact transformation group acts on the jet space J! of the
system (1.1). Hence, we may suppose the general form of an infinitesimal generator
as

R 0 &0
1 -7 K2 -
(3.1) v 6t+; Za$i+; oy

for arbitrary smooth functions 7', K;, P; in terms of variables ¢, z;, p;.

Since this expression depends on variables of the 1-jet space and is a infinitesimal
generator of the jet space, thus the prolongation process is not necessary. Therefore,
according to [8], v is a symmetry of £ if and only if it satisfies the relation v[€] = 0.
After applying v on the system we obtain

K1Y (a5, +aj)zk+ -+ Ko Y (ahy + aj,)zx — P, =0,
k k

where ¢ varies between 1 and n.
Thus, the general form of each symmetry of the system has the form

(3.2) v= T% + 2 {Kia%i + (Zj,k: Kj(a;‘k + a’?cj)xk> i%}’

in which T, Ky, Ko, --- , K, are arbitrary functions of ¢,z1,22,- - ,2,. One may di-
vide v to the following vector fields

0
= 7=
U1 6ta
0 ; ; 0
_ v J J -~
V2 = Kl (8331 + ij: (alk + akl)xk 8pj)’
(3.3)
' ) )
Up+1 = Kn(aixn Zk(a’;k +a§cn)xk aipj)
Js
The Lie bracket of each two of vy, - -+ , vp41 is defined to be the commutator [v;, v;] :=
Vi U — U Vg (1 <i,7 <n+1). Itis not hard to see that the commutator of each two
of vy, -+ ,vp41 is a linear combination of themselves and hence vy, - -+ ,v,41 generate

a Lie algebra of infinitesimals. Roughly speaking, where 1 < o, § < n, assuming

Vat+1l = Ka(% + Jz]; (a{xk + aia)xk ;Z])v

0 0
Ug+1 = Kﬂ (% + Z (alﬁm + almﬁ)xm ((Tpl);
lm
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Table 1: The commutators table of Lie algebra of equation (3.1)

[, ] U1 V2 tee Up, Un+1

U1 0 Vo — V1 cee Up — V1 Un+1 — V1

Vo V1 — Vg 0 cee Uy, — Vo Upt+1 — V2

Up, Up — V1 Vo — Up s 0 Un+1 — Un
Up41 | V1 — Upg1 Vg — Up41 e Up — Un41 0

one finds that

o P
[Vat1,v841) = {Ka Kpa, + Ko > Kap,(al, + agca)xk}%
J.k

_{Kﬁ Ka’zﬁ + Kﬁ Z Koé’p]. (ajﬁk + aig)irk}%
gk “

+ Z {Ka Kgz, Z (ady, + af )z
j k

—Kg Kooy Z (al, +ai, )z
k

+ (Ka Z Kg p, (@l + afm)xm) (Z (aék + aiﬁ)xk)
lLm k

Ko (3 Koy + o) (3 (el + o)} 5
k

l,m

In addition, one can compute the table of Lie symmetry algebra of commutators
arising from infinitesimal operators (3.3) which is given in Table 1.

Theorem 3.1 The symmetry group of the system £ of quadratic homogeneous dif-
ferential system (1.1) under the action of contact transformations is an infinite di-
mensional Lie algebra generated by the infinitesimal operators (3.3).

Theorem 3.2 The functions of the form
(3.4)
Il(ta X, p) = f(Kl dt — Tdkl) = dlv e ,In(taxv p) = f(Kn dt — Tdkn) = dna

I (t,x, p) = Z?,k:l (a;k + allcj)xk d;
+ fT(E?,k:1 (ajy + aj;)zy dzj — dp1> =dny1...
IZ?L(tv X, p) = Z;’L,k;:l (a’?k: + aZj)iEk d_]

+ fT(Z;kzl (afy, + af;)zy daj — dpn) = dan,
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for constants d; (1 <1i < 2n) are independent first integrals (invariants) of the char-
acteristic system of infinitesimal generator (3.2).

Proof. According to [8, Theorem 2.74] and considering the infinitesimal operators in
the form (3.2), the invariants I(¢,x, p) of the corresponding one-parameter groups are
determined from the characteristic system of ordinary differential equations (4,7, k =
]_7 ... 5 n):

(35) dt  dw; dp;
' T Ki Kl Zk (a]m “V‘ail)xk +"'+Kn Zk (agzk +ain)x7€

which tends to 2n invariant functions. Solving these equations, the result of the
theorem will be derived. O

According to [3, page 76], one can deduce the following important result for every
QHDS.

Corollary 3.3 The invariants introduced in (3.4) provide the following general so-
lution for the quadratic homogeneous differential system (1.1)

(36) S(tv X, p) = QD(II (ta X, p), IZ(ta X, p)a T 712n(t7 X, p)),

for an arbitrary function ¢ which satisfies the relation v[p] = 0 and therefore,

S | < S L 95
an) Y (kg + (X Kyl +aj)a) 5) =0
i ik K

i=1

The solution of the last equation is implicitly defined by S(t,x,p) = 0. If %—f # 0,
then the solution can be explicitly written as t = y(X,p).

Example 3.4 Considering T" = 1 and K; = 0, the problem turns back to a point
symmetry, in which as we saw in the previous section, the symmetry group is provided
by translating times and fixing the other variables.

Example 3.5 If we suppose T'=1 and K; = 1 for some i and K; = 0 for j # i,
then we have the following expression of infinitesimal generators

0 0 : ; 0
v= gt g (X +aii)wk)3fpj-

J.k

(3.8)

Thus its one—parameter group is

(39) (t,x,p) = (t+ S, T1, T+ 8y, Tny Pm +a;»782 + s Z (a;r]; +aﬁ)$k)
k

where s is the parameter of the flow and m changes through 1,--- ,n. If the point
(t,x,p) is fixed, then the flow of v is space parabolic, by restricting the jet space
coordinates to t,z; and p;—axis for a 1 < j < n and a fixed value :.
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Example 3.6 Let T'=t, K; =1 for an index 7 and K; = 0 for other indices. The
infinitesimal operator v and its flow are respectively given by changing the coefficient
of % in (3.8) to t and the component ¢ + s of the right hand side of (3.9) to te®. By
fixing (t,x,p) and considering the action of the symmetry group, the projection of
the flow of v to the coordinates (¢, x;,p;), where 1 < j < n, is like the space curve
(s,e%, 5% + s), including two branches, where the first branch comes from the space
exponential map and the second one comes from a space parabolic.

Example 3.7 For the case in which T' = ¢t for constant ¢, if we suppose that K; = 1

(i =1,---,n), the contact infinitesimal operator v is
0 0 i i 0
v=cto + z} {8951- + (jzk:(ajk +akj)ack)a—m}.

The one—parameter group of v is found to be

(t,x,p) (tecs,x—i- spm+ 2y a4+ (afy +aﬁ)xk),
l k,l

where m varies from 1 to n and we assumed that 1 < k,I < n. When the symmetry
group acts on a fixed point, the flow of the action when is projected to the three
arbitrary axis (¢, x;, p;) is similar to the 3—dimensional flow explained in Example 3.5.
In the particular situation of this example, the characteristic equations tend to the
following independent differential invariants (1 < a < n)

I, (t,x,p) = t(1 — cka),
Lnja(t;,p) = Y _[(af + af)(t — ct(x; — k;))wk] — ¢t pa.

Jik

Example 3.8 Let we consider 7' = 0 and K; = z;. Then we find the following
infinitesimal operator

0 i i 9]
v = Z {xla—xl + (Z (ajy + aj;)w; xk)a—pl},
% 7.k
and also its one—parameter group
(ta X, p) = (ta esxap’i + (62S - 1) Z (a’_;k: + ll}w)l’] ‘Tk‘>7
3k
where i varies among values 1,--- ,n. Its flow also signifies a parabolic if one reduces

the jet coordinate (¢,x,p) to (¢,;,px) for some specified values | and k. Thus the
concluding invariants (for 1 < a, 8 < n) are

I, =x,t, Iy = Z (afy +aj;) v T t.
J.k

Finally, we present an example concerning the condition in which each K is a function
of p;.
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Example 3.9 We suppose that T =0 and K; =p; (¢ =1,---,n). So the infinites-
imal generator is of the form

v=>" {m% + (Z pj(aj, + aij)xk)aip}’
N K2 J,k g

3

which has the following trajectory in terms of the parameter s

(t,X, p) = (t7X + ps, ﬁ)

where p consists of n components with the i** component

_ i i > Pilahy + aj;)Tk
Di = pi + (exp ((zk:(am + aki)ﬂck)s) - 1) ( fk(azk _T_ afﬂ-)ka:k ) .

One can derive the following independent differential invariants

I, =pat, In+oc = Z(a?]@ +a(]jj)xk7pj t.
Jik
for a = 1,--- ,n. Clearly, projecting the jet coordinate to the coordinate (z,,,p;), for

specified amounts m and I, this is the graph of the exponential map.

According to [8] or [9], if G acts smoothly and transitively on a manifold M, then
M is isomorphic to G/H as a homogeneous space, which is obtained by quotienting
G by a closed Lie subgroup, that is, an isotropy subgroup provided by an element
of G. Thus, one can use the exponential map exp : TM — M, defined in a small
neighborhood of the identity element of M as a Lie group. From the Baker—Campbell—
Hausdorff formula we know that for the vector fields X,Y in the Lie algebra relating
to a Lie group, if [X,Y] = 0 then the flow of X +Y is & = ¢ 0 ¢y = 1)y o ¢ where
¢ and 1 are flows of resp. X and Y.

Remark 3.10 Using a method similar to the above examples, by different selections
of coefficients of (3.2) as linear combinations of 1-jet space variables, their corre-
sponding invariants are of the forms (3.4). Furthermore, all proper projections of
the trajectories of their flows to 2 or 3-dimensional space of variables (when their
commutators are zero), are similar to a parabolic, an exponential map or a shape of
two branches similar to them.

This result is inferred, since the symmetric group prepared in the above examples
acts transitively, if we add the condition that the Lie bracket of every two infinitesimal
operators be zero, then the flow of every linear combination of any two of infinitesimal
generators is a composition of flows made by these operators.
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